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A bioluminogenic probe for monitoring tyrosinase activity 
Jianguang Wang, [a][b] ‡ Tae Sup Lee, [a][c] ‡ Zhe Zhang,[a] and Ching-Hsuan Tung*[a] 
Abstract: A novel bioluminogenic probe, based on luciferin, was 
designed and synthesized to monitor tyrosinase activity. Its 
applications were demonstrated in assessing tyrosinase activity 
in a buffered aqueous solution, and in measuring endogenous 
tyrosinase activity in melanoma cells. 

Tyrosinase (TYR), a copper-containing monooxygenase 
enzyme, is widespread in fungi, plants, and animals. TYR 
has two oxidation enzyme activities: its monophenolase 
property catalyzes the hydroxylation of monophenol to 
ortho-diphenol, and its diphenolase property catalyzes the 
oxidation of diphenol to ortho-quinone in the presence of 
oxygen.[1] TYR plays a key role in the biosynthesis of 
melanin – the pigment that generates skin color, protects 
DNA in skin cells from ultraviolet, and scavenges reactive 
oxygen species.[2] TYR has been reported to be over-
expressed in melanoma cells and a lack of TYR causes 
type I oculocutaneous albinism. In addition, excessive TYR 
can contribute to dopamine toxicity and neurodegeneration 
associated with Parkinson’s disease.[3] TYR has been thus 
identified as a major target for medical and industrial 
applications, including cosmetic and agricultural industries.  

The development of a sensitive and selective probe to 
monitor TYR activity has been an active research field over 
the past decade. A few TYR probes have been designed to 
monitor enzymatic activity by measuring fluorescent or 
electrochemical changes.[4] However, those methods are 
more suitable for biochemical analysis because they require 
external excitation or electricity. On the other hand, 
bioluminescence technique has been widely employed in 
biological assays, both in vitro and in vivo, due to its high 
specificity, wide dynamic range, and relative inexpensive 
instrument.[5] Many bioluminescent probes based on the 
luciferin-firefly luciferase system have exhibited excellent 
detection properties.[6] The non-invasive optical imaging of 
living cells or organs can be realized by detecting 
bioluminescent signals generated deep under skin tissue 
through a mechanism involving the reporter enzyme, firefly 
luciferase (FLuc), the substrate, luciferin, Mg2+ and ATP. 
Herein, we report the first bioluminogenic probe to monitor 
TYR activity. 

To detect tyrosinase activity, a probe was designed based on 

the oxidative property of tyrosinase.[7] Aminoluciferin 
(AminoLu), which is slightly different from the natural 
luciferin structure, is known to undergo an oxidation 
reaction with FLuc; however, studies have also shown that 
FLuc is unable to recognize the amine derivatized 
AminoLu.[8] We, thus, envisioned that a TYR/FLuc dual 
detection could be achieved by employing a urea linkage to 
conjugate the monophenol motif to AminoLu. The proposed 
reaction mechanism is illustrated in Scheme 1. The 
oxidation of the monophenol moiety to ortho-quinone by 
TYR would trigger a spontaneous self-immolative 
elimination, freeing the caged AminoLu, which then could 
be oxidized by FLuc to form oxyluciferin and generate 
bioluminescence. 
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Scheme 1. The structure of LumiTYR and proposed reaction 
mechanism for the detection of tyrosinase activity. 
 
 The bioluminescent responsive probe, LumiTYR, was 
synthesized by adapting several reported protocols with 
modifications (detailed syntheses and characterizations 
were described in the Supplementary Information),[6d,9] The 
absorption, fluorescent and bioluminescent spectra of the 
prepared LumiTYR in PBS and in the presence of TYR 
were shown in Fig. 1 and Fig. S1. It is expected that in the 
presence of TYR, LumiTYR would be converted to AminoLu, 
which could be further activated by FLuc. As shown in Fig. 
S1A & B, LumiTYR showed two characteristic maxima 
absorption peaks at 337 nm and 250 nm. Upon incubation 
with TYR for 12 h, the absorption peak at 337 nm 
broadened. It is known that the urea group could increase 
the solubility of the hydrocarbons through the hydrogen 
bond with water. It was thus postulated that the broadening 
of the peak could be due to the decrease in its solubility.[10] 
After incubation with TYR, the FLuc-induced 
bioluminescence (Fig. 1A) and fluorescence (Fig. S1C) 
were significantly enhanced. It is shown that the maximal 
fluorescence peak is around 517 nm and the maxima 
bioluminescence peak is around 600 nm. As displayed by 
the insert in Fig. S1C, LumiTYR alone did not exhibit any 
fluorescence; however,  after a 12 h incubation with TYR, 
the mixture exhibited green fluorescence. Similarly, 
LumiTYR alone was unable to generate any 
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bioluminescence unless it coexisted with both TYR and 
FLuc (Fig. 1A). 
 To validate the formation of the ortho-quinone 
intermediate by TYR triggered oxidation, an established 
MBTH (3-methyl-2-benzothiazolinone hydrazone) quinone-
trapping assay was used (Fig. 1B, Supplementary 
information).[11] The pink color from the mixture of MBTH, 
TYR and LumiTYR is in agreement  
 

  
Fig. 1. (A) Bioluminescence response of LumiTYR towards TYR. The insert is 
a snapshot of bioluminescence. Black line and left image: 30 µM LumiTYR, 
Red line and right image: 30 µM LumiTYR incubated with TYR for 12h. Fresh 
prepared FLuc solution (0.43 µg/mL) was added prior the measurement. (B) 
MBTH color test based on TYR’s oxidizing activity towards LumiTYR (from left 
to right: LumiTYR and MBTH; MBTH and TYR; LumiTYR and TYR; LumiTYR, 
TYR and MBTH), The mixture was incubated at 37oC for 3h. (C) HPLC 
retention time that generated by using an analytical HPLC column. The 
retention time of AminoLu, LumiTYR incubated with TYR for 12h, and 
LumiTYR is 3.80 min, 3.83 min, and 12.78 min, respectively. 
 
 
with the literature, supporting the formation of conversion of 
the phenyl group to ortho-quinone intermediate.[4f] The LC-
MS analysis of the reaction mixture also showed the correct 
molecular mass of the ortho-quinone intermediate (Fig. S2). 
Subsequently, the unstable ortho-quinone intermediate 
underwent a rapid self-immolative elimination to free 
AminoLu, which could be utilized by FLuc to generate 
bioluminescence in the presence of ATP and Mg2+. To 
further confirm the proposed mechanism, AminoLu was 
synthesized as the standard. As shown in Fig. 1C, 
LumiTYR has a retention time of 12.7 min, which 
disappeared after its incubation with TYR; a new peak, 
corresponding to the formation of AminoLu, was observed 
at 3.8 min. The LC-MS analysis of the mixture also 
confirmed the formation of AminoLu (Fig. S2).  

To examine the dose dependent reactivity, LumiTYR was 
incubated with different concentrations of TYR (0 - 114U) for 24 
h at 37oC. Fig. 2A shows the fluorescence change of LumiTYR 
on titration of TYR. Without TYR, the fluorescence is at a 
background level. An increased concentration of TYR led to a 
higher fluorescence. Specifically, when LumiTYR was incubated 
with 114U/mL of TYR, the fluorescence was enhanced 27-fold. 
Under an optimized condition, a near linear correlation of 
fluorescence vs TYR activity was observed with 2 to 10 Units of 
TYR and LumiTYR (12 µM) in sodium phosphate buffer (Fig. S3). 
To generate bioluminescence, ATP, Mg2+ and FLuc was added 

to the mixture after a 24 h pre-incubation with TYR. The control 
sample, without the presence of TYR, did not produce a 
detectable bioluminescence even after incubation with FLuc for 
24 h. On the other hand, samples of LumiTYR, which were 
incubated with different concentrations of TYR in advance and 
followed by the addition of FLuc, showed enhanced 
bioluminescence with increasing concentrations of TYR. The 
assay is found to be very sensitive. The bioluminescence could 
be detected even with only 0.057U of TYR. The 
bioluminescence was enhanced 25-fold when 114U/mL of TYR 
was used (Fig. 2B).  

 

 
Fig.2. Fluorescent (A) and bioluminescent (B) spectra of LumiTYR (12 µM in 
sodium phosphate, pH=6.8) upon incubation with different concentration of 
tyrosinase for 24 h at 37oC. For bioluminescence measurement, fresh 
prepared FLuc solution (0.43 µg/mL) was added prior to the measurement. 

 
The time dependent changes of the fluorescent and 

luminescent spectra of LumiTYR were also tested in the 
absence of TYR. As shown in Fig. 3, no fluorescence or 
luminescence was detected at 0 h, immediately after mixing the 
LumiTYR and TYR. Additionally, no spectrum was detected for 
the sample of LumiTYR in the absence of TYR after 9 h 
incubation, indicating that LumiTYR remained intact during 
incubation. When LumiTYR was incubated with 22.8 U/mL TYR 
for 1 to 9 h, the fluorescence and luminescence spectra were 
enhanced gradually. The luminescence signal intensity of the 
LumiTYR sample incubated with 22.8 U/mL TYR has exceeded 
the detection limit. The turn-on fluorescent and especially the 
turn-on luminescent properties of LumiTYR towards TYR 
suggested that LumiTYR is an excellent probe for TYR activity 
detection. 

 

 
Fig. 3. Fluorescent (A) and Luminescent (B) spectra of LumiTYR (12 µM in 
sodium phosphate, pH=6.8) upon treatment with 22.8 U/mL tyrosinase for 
different time periods. For bioluminescence measurement, fresh prepared 
FLuc solution (0.43 µg/mL) was added prior to the measurement. 
 

Since TYR is a copper-containing enzyme,[12] the 
interference of common metal ions other than copper, including 
Zn2+, Fe3+, Na+, K+, Ca2+, and Mg2+, was examined. The 
fluorescence and luminescence intensity of LumiTYR in the 
presence of different metal ions showed that the other metal 
ions could not interfere with the detecting property (Fig. S4). We 
then tested the fluorescent and luminescent signal of LumiTYR 
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at different pH environments. The reported optimal pH of TYR is 
between 6 - 7,[4] and the functional pH of FLuc is 7.44 - 8.14 with 
maximal activity at pH of 7.8.[13] The pH effect of the LumiTYR 
property in a 0.1M sodium phosphate buffer at pH values 5.8 
and 8.0 were shown in Fig. S5. The excellent probing ability of 
LumiTYR was observed at pH 6.8, which is in agreement with 
the previous report.[6] This finding supports the potential usage of 
LumiTYR in a physiological condition.  

To investigate the capability of LumiTYR for screening a 
TYR inhibitor, TYR was pre-incubated with a commonly used 
inhibitor[14], benzaldehyde, for 15 min at room temperature 
before its incubation with LumiTYR. As demonstrated in Fig. 4, 
the catalysing activity of TYR was significantly inhibited with 5 
µM of benzaldehyde. When the sample of LumiTYR and TYR 
was pre-incubated with 10 µM benzaldehyde, an almost 
complete inhibition effect was observed. These results further 
verified that LumiTYR is a potential lumionogenic probe for TYR 
detection.  
 

 
Fig. 4. Inhibition efficiency response of LumiTYR (12 µM in sodium phosphate, 
pH=6.8) upon treatment with 57U/mL tyrosinase and different concentrations 
(control, 0 µM) of inhibitor(benzaldehyde) for 12h. 
 

To evaluate the applicability of detecting endogenous TYR 
activity in a living cell, LumiTYR was validated with B16-F10 
melanoma cells that are known to overexpress TYR. Two 
commercially available MDA-MB-231 breast cancer cells (TYR-
/FLuc-) and MDA-MB-231-Luc (TYR-/FLuc+) cells, which have 
no TYR activity, were used as the negative controls. The parent 
B16-F10 cells (TYR+/FLuc-) were first transduced with 
luciferase/RFP genes, and a stable clone was selected for the 
study. As shown in Fig. S6, the parental B16-F10 (TYR+/FLuc-) 
cells displayed no red fluorescence signal nor bioluminescence, 
while the transfected B16-F10-RF (TYR+/FLuc+) cells 
expressed red fluorescent protein and firefly luciferase which 
were verified by fluorescence imaging and a bioluminescence 
assay using D-luciferin as the substrate. An excellent correlation 
(R2 = 0.993) between the bioluminescent signal intensity and the 
cell number was observed. LumiTYR was then tested with MDA-
MB-231 (TYR-/FLuc-) MDA-MB-231-Luc (TYR-/FLuc+), B16-F10 
(TYR+/FLuc-) and B16-F10-RF (TYR+/FLuc+). As demonstrated 
in the tyrosinase specific bioluminescence assay using LumiTYR, 
MDA-MB-231 (TYR-/FLuc-) and B16-F10 (TYR+/FLuc-) cells 
only showed a background level bioluminescent signal. MDA-
MB-231-Luc bearing only FLuc showed a low level 
bioluminescent signal, but B16-F10-RF cells bearing both TYR 
and FLuc activity showed a greater bioluminescent signal, as 
compared to other cells using a luminometer (Fig. 5A). In 
bioluminescence imaging using LumiTYR, B16-F10-RF cells  
were successfully visualized by the tyrosinase triggered and 
firefly luciferase mediated bioluminescence process (Fig. 5B). 
The endogenous TYR alone in B16-F10 cells could convert 

LumiTYR to AminoLu, but was unable to generate 
bioluminescence. These results indicated that LumiTYR could 
monitor and image TYR activity in mammalian cells in the 
presence of FLuc. This tyrosinase specific bioluminescence 
assay using FLuc expressing B16-F10 cells and LumiTYR could 
be applied to screen various tyrosinase inhibitors.  
 

 
Fig. 5. Tyrosinase specific bioluminescence of various cancer cells using 
LumiTYR. (A) Bioluminescent signal intensity of MDA-MB-231 (TYR-/Fluc-), 
MDA-MB-231-Luc (TYR-/FLuc+), B16-F10 (TYR+/FLuc-), and B16-F10-RF 
(TYR+/FLuc+) cells. (B) Bioluminescence image of B16-F10 (TYR+/FLuc-), 
and B16-F10-RF (TYR+/FLuc+) cells in triplicate.  
 
 
In conclusion, a novel bioluminogenic probe LumiTYR towards 
TYR detection was developed for the first time. The detecting 
activity of LumiTYR was characterized in vitro with mushroom 
tyrosinase and mammalian tyrosinase based assays. The 
detection mechanism of TYR activity is through TYR mediated 
oxidative reactions followed by FLuc catalyzed bioluminescence 
generation. In addition, LumiTYR is also fluorogenic. After 
reacting with TYR, the enzyme activity could be conveniently 
quantitated by measuring the fluorescence increase at 517 nm. 
Similar to the other reported TYR fluorescence probes, 
LumiTYR would be useful in cell free assays. However, the 
fluorescence probes have limited applications in biological 
systems, such as cells and animals, due to background, 
penetration and diffusion issues. The unique bioluminogenic 
capability of LumiTYR becomes handy. Because of this dual 
fluorogenic/bioluminogenic property, LumiTYR can be applied to 
detect the activity of TYR in cell free assay, cells, and, 
potentially, in animals. It could provide an efficient screening 
methodology of a tyrosinase inhibitor in biomedical and industrial 
fields. 
 
 
 
 

Acknowledgements  

This work was supported in part by NIH GM094880. We thank 
the Nuclear Magnetic Resonance Core facility at Weill Cornell 
Medical College  

Keywords: Tyrosinase • Bioluminescence • Fluorescence, 
Probe • Luciferin   

 

10.1002/asia.201601659Chemistry - An Asian Journal

This article is protected by copyright. All rights reserved.



COMMUNICATION          

For internal use, please do not delete. Submitted_Manuscript 
 
 

[1] a) E. I. Solomon, U. M. Sundaram, and T. E. Machonkin, Chem. 
Rev.,1996, 96, 2563-2605; b) E. L. Kline, K. C. Garland and T. J. Smith, 
Cancer Res., 1988, 48, 3586-3590; c) T. S. Chang, Int J Mol Sci., 2009, 
26, 2440-75; d) E. Akyilmaz, E. Yorganci and E. Asav, 
Bioelectrochemistry, 2010, 78, 155-160. 

[2] a) T. Lloyd, F. L. Garry, E. K. Manders and J. G. Marks, Brit. J. Dermatol, 
1987, 116, 485-489; b) M. Iwata, T. Corn, and B. B. Fuller, J. Invest. 
Dermatol., 1990, 95, 9-15; c) M. Reinisalo, J. Putula, E. Mannermaa, A. 
Urtti, P. Honkakoski, Mol. Vis.,2012, 18, 38-54. 

[3] a) T. G. Hastings, J. Neurochem., 1995, 64, 919-922; b) W. S. Oetting 
and R. A. King, J. Invest. Dermatol., 1994, 103, 131S-136S; c) C. 
Angeletti, V. Khomitch, R. alaban, D. L. Rimm, Diagn. Cytopathol., 2004, 
31, 33-37; d) I. Tessari; M. Bisaglia, F. Valle, B. Samori, E. Bergantino; S. 
Mammi; L. Bubacco. J. Biol. Chem., 2008, 283, 16808-16817.  

[4] a) X. L. Feng, S. Wang, D. B. Zhu, et al,Org Lett., 2008, 23, 5369-5372; b) 
X. H. Li, H. M. Ma, O. S. Wolfbeis et al, Chem. Commun., 2010, 46, 2560-
2562; c) T. I. Kim, Y. D. Choi, Y. M. Kim, Chem. Commun., 2011, 47, 
12640-12642; d) S. Y. Yan, X. C. Weng, X. Zhou, et al. Chem. Asian J., 
2012, 7, 2782-2785; e) C. C. Wang, S. Y. Yan, X. Zhou, et al. Analyst, 
2013, 138, 2825-2828; f) L. Tang, G. M. Zeng, M. S. Wu, Analyst, 2013, 
138, 3552-3560; g). X. L. Zhu, X. M. Wang, and J. H. Gao, Small, 2015, 7, 
862-870; h) Y. Teng, X. F. Jia, J. Li, and E. K. Wang, Anal. Chem., 2015,9, 

4897-4902; i) X. Yan, H. X. Li, and X. G. Su, Anal. Chem., 2015, 17, 
8904-8909; j) L. J. Chai, J. Zhou, H. Feng, C. Tang, Y. Y. Huang, and Z. S. 
Qian, ACS Appl Mater Interfaces., 2015, 42, 23564-23574; k) X. Yan, T. Y. 
Hu, X. G. Su, Biosens Bioelectron., 2016, 79, 922-929; l) J. Zhou, X. H. Li, 
and Huimin Ma, Anal. Chem., 2016, 8, 4557-4564; m) Y. Li, N. Cai, F. P. 
Shi and X. G. Su, RSC Adv., 2016, 6, 33197-33204; n) T. E. Lin, F. C. 
Salazar, and H. H. Girault, Angew. Chem. Int. Ed., 2016, 55, 3813-3816. 
o) X. F. Wu, L. H. Li, W. Shi, Q. Y. Gong, H. M. Ma, Angew. Chem. Int. Ed. 
2016, 55, 14728 –14732. 

[5] a) G. K. Turner, Measurement of light from chemical or biochemical 
reactions. In: Van Dyke, N., Van Dyke, C., Woodfork, K., (Eds.), 
Bioluminescence and Chemiluminescence: Instruments and Applications, 
1985. pp. 43; b) A. Roda, M. Musiani, M. Mirasoli, Fresenius J., Anal 
Chem., 2000, 366, 752-759; c) K. Gomi and N. Kajiyama, J. Biol. Chem., 
2001, 39, 36508-36513; d) K. Salama, H. Eltoukhy, A. Hassibi, A. E. 
Gamal, Biosens Bioelectron., 2004, 19, 1377-1386; e) J. Li, L. Z. Chen, L. 
P. Du and M. Y. Li, Chem. Soc. Rev., 2013, 42, 662-676. 

[6] a) T. S Wehrman, G. P Nolan, H. M. Blau, Nat Methods.,2006, 4, 295-
301; b) H. Q. Yao, M. K. So, and J. H. Rao, Angew. Chem. Int. Ed., 2007, 
46, 7031-7034; c) G. C. Van de Bittner, C. R. Bertozzi, and C. J. Chang, 
Proc. Natl. Acad. Sci. U. S. A., 2010, 107, 21316-31321; d) H. Takakura, 
T. Nagano, and Y. Urano, J Am Chem Soc., 2015, 12, 4010-4013; e) W. 
B. Porterfield, K. A. Jones, and J. A. Prescher, J. Am. Chem. Soc., 2015, 
137, 8656-8659; f) D. M. Mofford, G. R. Reddy, and S. C. Miller, J. Am. 
Chem. Soc., 2015, 137, 8684-8687; g) B. W. Ke, G. He, and M. Y. Li, Anal. 
Chem., 2015, 87, 9110-9113; h) C. Y. Yuan, L. Wang, and D. S. Zhang, 
RSC Adv., 2015, 5, 29048-29057; i) R. Kojima, T. Nagano, and Y. Urano, 
Angew. Chem. Int. Ed., 2015, 54, 14768-14771; j) Y. Nam, B. S. Kim and I. 

Shin, Chem. Commun.,2016, 52, 1128-1130. 
[7] a) H. Decker and F. Tuczek, Trends Biochem. Sci., 2000, 25, 392-397; b) 

G. Battaini, G. W. Canters, and L. Bubacco, J. Biol. Chem., 2002, 277, 
44606-44612; c) G. Eisenhofer, S. R. Tarlov, and V. J. Hearing, Faseb. 

J.,2003, 10, 1248-1255. 
[8] a) N. Cosby, M. Scurria, W. Daily AND T. Ugo, Cell Notes 2007, 18, 9-11; 

b) M. A. O’brien, W. J. Daily, P. E. Hesselberth, R. A. Moravec, M. A. 
Scurria, D. H. Klaubert, R. F. Bulleit and K. V. Wood, J. Biomol. Screen. 
2005, 10, 137-148. 

[9] H. M. Osborn and N. O. Williams, Org. Lett. 2004, 18, 3111-3113. 
[10] a) D. B. Wetlaufer, S. K. Malik, L. Stoller, and R. L. Coffin, J. Am. Chem. 

Soc., 1964, 86, 508-514. b) F. Vanzi, B. Madan, and K. Sharp, J. Am. 
Chem. Soc., 1998, 120, 10748-10753. 

[11] A. J. Winder and H. Harris, Eur J. Biochem.,1991, 198, 317-326. 
[12] a) Y. Matoba, T. Kumagai, A. Yamamoto, H. Yoshitsu, and M. Sugiyama, 

J. Bio. Chem. 2006, 281, 8981-8990; b) H. Hashiguchi and H. Takahashi, 
Molecular Pharmacology, 1977, 13, 362-367. 

[13] P. Naumov, Y. Ozawa, and S. Fukuzumi. J. Am. Chem. Soc., 2009, 131, 
11590-11605. 

[14] T. S. Chang, Int. J. Mol. Sci. 2009, 10, 2440-2475. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10.1002/asia.201601659Chemistry - An Asian Journal

This article is protected by copyright. All rights reserved.


